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ABSTRACT 

Atomic beam frequency s t anda rds  may be placed i n t o  two ca t egor i e s :  f i e l d  standards and 
l a b o r a t o r y  s tandards .  While t h i s  d i s t i n c t i o n  i s  somewhat a r t i f i c i a l ,  because t h e  two types 
of s tandards  a r e  in te rdependent ,  each  category does have d i f f e r e n t  requirements of  accuracy, 

s i z e ,  and cos t .  Despi te  t h i s  s epa ra t ion ,  gene ra l ly  t h e  developments which produce t h e  bes t  

l a b o r a t o r y  s tandards  even tua l ly  g i v e  rise t o  improved f i e l d  s tandards .  Ex i s t ing  f i e l d  

s t anda rds  a r e  l imi t ed  i n  long term f r a c t i o n a l  frequency s t a b i l i t y  t o  u (I) +, 3 x f o r  
I .CI 6 months. A l abo ra to ry  s t anda rd  such a s  NBS-6, t h e  U. S. primary cesium s tandard ,  is 
l i m i t e d  i n  inaccuracy t o  Ay * 8 x Proposed new cesium f i e l d  s tandards  a r e  expected 
t o  y i e l d  long term s t a b i l i t i e s  of 0 (T) * 1 x Stored  ion standards,  
prime candida tes  f o r  new l a b o r a t o r y  frequency s tandards ,  a r e  expected t o  have better than Ay 

= 1 x lo-'' inaccuracy. As o t h e r  approaches t o  atomic beam frequency s tandards  are consid- 

e r e d ,  t hey  should a t tempt  t o  compete favorably wi th  these  emerging technologies.  

Y 

(T = 6 months). Y 
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General  C h a r a c t e r i s t i c s  of Atomic Beam Standards 

Atomic frequency s tandards  may be divided i n t o  two ca tegor ies - - f ie ld  s tandards  and laboratory 

s t a n d a r d s .  The d i s t i n c t i o n  i s  u s e f u l  because t h e  most h ighly  des i r ed  c h a r a c t e r i s t i c s  i n  each cate- 
gory o f t e n  prec lude  t h e  r e a l i z a t i o n  of t h e  p rope r t i e s  most sought a f t e r  i n  t h e  other categorp.  For 
example, a f i e l d  standard must be durab le ,  po r t ab le ,  r e l i a b l e ,  and e a s i l y  opera ted ,  with unsupervised 
o p e r a t i n g  pe r iods  of months t o  yea r s .  A l abora tory  s tandard ,  on t h e  o t h e r  hand, must a t t a i n  the 

h i g h e s t  p o s s i b l e  accuracy, even i f  t h e  device r equ i r e s  considerable space,  power, money, and the 

p a t i e n c e  of f i v e  Ph.D. p h y s i c i s t s .  In d i scuss ing  t h e  l i m i t a t i o n s  of e x i s t i n g  s tandards ,  o r  i n  pro- 

j e c t i n g  t h e  usefu lness  of proposed new s t a n d a r d s , i t  is he lp fu l  t o  keep i n  mind t h e  category of inter' 

est, a s  t h e  c r i t e r i a  vary with a p p l i c a t i o n .  A t  t h e  same t i m e ,  it i s  important t o  r e a l i z e  t h a t  this 
d i s t i n c t i o n  i s  somewhat a r t i f i c i a l ,  a s  f i e l d  s tandards  have h i s t o r i c a l l y  descended from the labora- 

t o r y  s t anda rds .  Generally,  t h e  knowledge and technologies which have been developed i n  order t o  

adequa te ly  desc r ibe  t h e  frequency o f f s e t s  and u n c e r t a i n t i e s  in high accuracy l abora to ry  standards 

have been  s u c e s s f u l l y  appl ied  t o  t h e  development of f i e l d  s tandards.  A good example of t h i s  relation' 

s h i p  between research  and a p p l i c a t i o n  is t h e  production of t h e  commercial cesium beam standard,  which 
fo l lowed t h e  c r e a t i o n  of t t c  l abora to ry  cesium standard.  Because of t h i s  widespread use of c e s i a  

beams, t h i s  paper w i l l  d i s cuss  t h e  l i m i t a t i o n s  of atomic beam frequency s tandards  i n  terms of the 

. 
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of velocity distributions) by reversal of the atomic beam direction. Roughly rpcaking, the average 

of the clock frequcncicr for the tu0 dircctionr ir the correct value. This frequency offset is about 
3.6 x To the degree that the atomic beam path is retraced upon beam reversal, the 
frequency shift due to distributed cavity phase shift (a consequence of residual lrt order Doppler) 

.is also cancelled. of spatial offset of the 
atomic beam [2]. due to microwave cavity phase shift A4 are given 

in NBS-6. 

In NBS-6, the size of this effect is about 1 x 
Fractional frequency offsets Ay @ 

by 

A 2R 
= * vo ' 

where L is the interaction length, V is the resonance 
frequency. This expression shows explicitly that the effect of cavity phase shift can be reduced by 
increasing the interrogation time t = (L/Vp). 

is the effective atomic beam velocity, and v P 0 

If cavity phase shifts in commercial standards are comparable in size to those in NBS-6, then 
the expected frequency shifts due to distributed cavity phase shifts should be 

stdl -12 10-13 = 3 10 . ~ Q(1aboratory 
Q(fie1d std) 

This would suggest that cavity phase shifts may be a limiting systematic in field standards as well 
as in laboratory cesium standards. 

Of the remaining systematics, those of most concern for improving standards' perfomance are 

For an atomic beam of effective second order Doppler and the various e1e:tronics semo limitations. 
velocity Vd, the clock fractional frequency is shifted by an amount 

- - 

Evaluation of this systematic requires knowledge of the atomic beam velocity distribution, as seen by 
the complete microwave resonance spectrometer. 
using pulsed interrogation techniques [SI and by unfolding the microwave spectrum at different micro- 
wave power levels [ 6 ] .  level, it is 

anticipated that an order of magnitude reduction of the uncertainty may be had with exercise of con- 
siderable care in the measurement. This process is greatly helped if a narrower velocity distribu- 

tion is used in the atomic beam. 

In the past this distribution has been determined by 

While the uncertainty in this shift is quoted at the 1 x 

The evaluation of NBS-6 requires that the electronic servo find the center of the microwave 
5 resonance to better than about one part in 10 . 

ance itself is symmetric to this level. 
frequency shift is observed when the amplitude of microwave phase modulation is changed. Further 
checks on frequency shifts due to imperfect electronics include measurement of integrator input off- 
sets and frequency shifts with microwave power change. Again, the demands placed upon the servo are 
reduced with increase in microwave interaction time, since a narrower microwave resonance need not be 

split as finely. 

Implicit is the assumption that the'physical reson- 

This assumption is supported by the fact that no significant 
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A f u r t h e r  ref inement  of this method is t o  use two l a s e r s  for  o p t i c a l  pumping (111. One l aser  
may be tuned t o  t h e  2S+, F=3 * f s / r ,  F'=3 t r a n s i t i o n  us ing  n po la r i za t ion .  This pumps 811 magnetic 
midleve ls  0.f t h e  F-3 ground s t a t e  HF'S i n t o  the F=4 HFS, with  t h e  except ion of t he  m=O sublevel. The 

' second l a s e r ,  tuned t o  t h e  2 S F=4 2P,la, F' t3  t r a n s i t i o n  pumps atoms back to the F=3 HFS. A f t c r  $1' 
many c y c l e s  of t h i s  process ,  most atoms should r e s ide  in t h e  F=3, m=O sublevel'; An example of t h i s  
p rocess  is  given i n  Figure 111, where t h e  pumping i n t o  GO is incomplete because of an insuf f ic ien t  

number of pumping cyc le s .  Fur ther  work on t h i s  technique is i n  progress .  

z 
Q) 
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-3,-3 -2,-2 -l,-l 0.0 1.1 2,2 3.3 iic 
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Figure  111. Two:laser o p t i c a l  pumping, us ing  both F=6 c+ F ' 4 ,  o-polar iza t ion  and $=3 +-, F'=3, 
n-po la r i za t ion  pump l a s e r s ,  and a F=4 f-, F'=5 de tec t ion  l a s e r .  

O p t i c a l  pumping is  expected t o  improve t h e  performance of f i e l d  s tandards by both reducing the 

s i z e  of sys temat ics  and by al lowing more p r e c i s e  evaluat ion of t h e i r  unce r t a in t i e s .  Since nearly a l l  
atoms a r e  s e l e c t e d  and de tec t ed ,  regard less  of t h e i r  s p a t i a l  p o s i t i o n  o r  ve loc i ty ,  the  e f f e c t  of the 

d i s t r i b u t e d  c a v i t y  p l ace  s h i f t  i s  s impl i f ied .  A smaller  cesium beam diameter i s  possible ,  resuiting 

i n  a sma l l e r  microwave c a v i t y  window, which should give a smal le r  frequency o f f s e t  14). 
s i n c e  atoms which have been pumped i n t o  t h e  F=3 XFS a r e  i n v i s i b l e  t o  t h e  F=4 + F'=5 detection laser ,  
it may be p o s s i b l e  t o  opera te  s imultaneously counterpropagating cesium beams, which would permit the 

eva lua t ion  of  t h e  cav i ty  phase s h i f t  i n  a f i e l d  s tandard.  

In addition. 

Other  b e n e f i t s  of o p t i c a l  pumping and f luorescence d e t e c t i o n  i n  a f i e l d  standard include in-  

c reased  S/N, more s y e t r i c  microwave spec t r a  (of t he  Zeeman s p l i t  l i n e s ) ,  and reduced liklihood 'of 

Majorana t r a n s i t i o n s ,  which may produce f a i r l y  s u b s t a n t i a l  frequency s h i f t s  [ 12,131. 

Fur the r  improvement i n  t h e  performance of t h e  proposed s tandard  comes from use of on-board sYste- 

For example, t h e  teeman s p l i t t i n g  can be measured t o  give a value O f  

mat ics  eva lua t ion .  This " in t rospec t ive"  approach involves t h e  measurement of sytematic e f fec ts  

monitor ing t h e  atoms themselves. 

t h e  magnetic f i e l d  whikh w i l l  s h i f t  t h e  clock resonance a known amount. 
measured i n  s i m i l a r  ways inc lude  second order  Doppler and microwave power dependence. 

Other systematics t o  be 

42 



'. 

4. 
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7 .  

where SJN is t h e  power s igna l - to-noise  i n  a one h e r t z  bandwidth, and K i s  a constant  which dependr 
upon t h e  resonance l ineshape. Fqr t r a d i t i o n a l  cesiur 

s t anda rds ,  K * 0.2. The quan t i ty  S/N is gene ra l ly  l i m i t e d  by t h e  "shot noise" on t h e  number ,,f 

atoms i n  t h e  atomic beam, which decreases r e l a t i v e  t o  t h e  s igna l  a s  t h e  beam f l u x  i s  increased. 

The s h o r t  term s t a b i l i t y  should be s u f f i c i e n t  t o  permit measurement of clock performance within 

reasonable per iod  of time. I n  a f i e l d  s tandard,  t h i s  means 0 (T) < 1 x 10 -"Z-+. ID p r b a q  -12<# Y 
s t anda rd ,  0 ('5) < 1 x 10 

Y 
Transverse hea t ing .  AS an atomic beam i s  cooled, increased  energy i s  assoc ia ted  with the  at-* 
t r a n s v e r s e  motion, r e s u l t i n g  i n  a spreading of t h e  beam. This e f f e c t  might be reduced w i t h  the 
use of a d d i t i o n a l  l a s e r s  o r  some o t h e r  cooling mechanism. However, whatever method i s  chosen 

prevent  l o s s  'of beam f l u x  through t r ansve r se  hea t ing ,  it must not  introduce add i t iona l  system. 

t i c s ,  such a s  frequency s h i f t s  assoc ia ted  wi th  t h e  microwave cavi ty .  

Cavi ty  phase s h i f t .  In i t s e l f ,  t h i s  frequency s h i f t  i s  expected t o  be reduced i n  a slow atomic 

clock.  (See Eq. 1). However, slow atoms a r e  per turbed  f o r  a longer time by g rav i ty  a d  acceler- 
a t i o n ,  r e s u l t i n g  i n  l a r g e r  d e f l e c t i o n  angles  of t h e  atomic beam. This can produce l a rge r  clock 

frequency s h i f t s  a s soc ia t ed  with t h e  d i s t r i b u t e d  c a v i t y  phase s h i f t  as discussed above. 
Gravity.  A s  longer and longer observation times a r e  employed with f r e e  n e u t r a l  atoms, gravity 
p l a y s  a more and more important r o l e .  Some e f f e c t s  a r e  i n t e r a c t i v e ,  such a s  t h e  cavi ty  phase 

s h i f t  mentioned above. A more d i r e c t  consequence is s i z e  and geometry, as a clock which uses 

very  slow atoms must accomodate t h e  f a l l i n g  atoms. 

L igh t  s h i f t s .  
escence l i g h t  can in t roduce  s u b s t a n t i a l  l i g h t  s h i f t s  

g r e a t l y  reduce o r  e l imina te  t h i s  e f f e c t  on t h e  s t anda rd ' s  performance. 

Generally,  K lies between 0.1 and 1.0. 

The use of l a s e r s  t o  perform the cool ing  of t h e  atoms, and t h e  concomi tan t  fluor 

(201. Methods would need t o  be developed Lr 
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Table 11. NBS-6 Evaluation, April 1982. 

Systematic . 

C- fie Id 
. .  

nag. field Inhomo. 

Ha joranr 

tail pulling 

cavity pulling 

RF spectrum 

2nd order doppler 

I 

Value ( ~ 1 0  14 ) 

5335 

Uncertainty, (x10 14 ) 

3 

0.2 

cavity phase shift 

amplifier offset 

2nd harmonic,distortion 

. 
0 . 3  

2 

0 . 1  

1 .o 

C 
uncertainty in 0 

blackbody shift 

due to 6[p(v)] 

26 

36 

1.7 

1.0 

8 . 0 .  

1.0 

2.0 

1.0 

0 .0  

RSS 9.2 

random 1.0 
total (RSS) 9.3 
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